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Abstract 
In the aircraft industry, drilling has recently been performed for Carbon Fiber Reinforced Plastics (CFRP)/titanium alloy stacks. 
The cutting processes should be designed with reviewing in the cutting simulation. The paper presents an analytical model to 
predict the cutting forces in drilling of multi-layered materials. The force model makes the chip flows on the chisel and the lips with 
piling up the orthogonal cuttings in the planes containing the cutting velocities and the chip flow velocities along the cutting edges. 
The chip flow directions on the chisel and lips are determined to minimize the cutting energies. The cutting force is predicted in the 
determined the chip flow models. In the CFRP/titanium alloy stacks, the material to be removed changes with the cutter feed. 
Therefore, the orthogonal cutting data of CFRP and those of titanium alloy are applied to make the cutting models according to the 
change of material. The force model is verified in comparison between the predicted and the measured cutting forces. 
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1. Introduction 
The demand for lightweight materials has been 
increased in aerospace and automobile industries. 
Composite materials have recently been used to reduce 
the weight with keeping high strengths of the products. 
Many studies have been done on the cutting of Carbon 
Reinforced Plastic (CFRP) [1, 2, 3]. Delamination of 
CFRP, which is one of the major troubles in drilling, has 
been studied in the experiments and the analysis [4].  
In the aerospace industry, CFRP plates are sometimes 
stacked with the titanium alloy plates for the aircraft 
bodies. Because the material properties are different 
each other, the machining process of the composite and 
metal stacks is complicated in the chip formation. 
Although the drilling of composite/metal stacks has also 
been studies for the practical demands in manufacturing 
of the aircrafts parts [5, 6], most of them are discussion 
based on the cutting experiments. Therefore, analytical 
modeling is required for understanding the cutting 
processes more. 
In drilling of the conventional metal, many models 
have also been presented to predict the cutting force so 
far [7, 8]. Most of the models associated the cutting 
force with the removal volume. In another model, the 
cutting force is predicted with making the chip flow 
model using the orthogonal cutting data [9]. The model 
predicts not only the cutting force but also the chip flow 
direction based on the minimum cutting energy. The 
cutting forces in milling and drilling were also predicted 
by the model [10, 11]. The simulation based on the 
model was applied to design of the tool geometry for the 
control of burr formation [12] 
The paper presents a cutting force model for drilling 
of multi-layered materials. The force model in the 
general drilling process is described, first. Then, the 
model is applied to drilling of the CFRP/titanium alloy 
stacks with controlling the orthogonal cutting data 
according to the change in the material to be removed. 
The cutting force model is validated in some cutting 
tests of CFRP/titanium alloy stacks. 
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2. Cutting simulation in drilling 
2.1. Predictive force model 
An analytical model is applied to predict the cutting 
force with the chip flow direction in drilling. The chip 
flow is interpreted as a piling up of the orthogonal 
cuttings in the planes containing the cutting velocities V 
and the chip flow velocities Vc, as shown in Fig. 1. The 
plane inclines with respect to the direction of the tool 
axis projected onto the rake face. The chip flow angle is 
determined to minimize the cutting energy, described 
later. Although plastic deformation actually occurs in the 
chip flow, the interaction between each orthogonal 
cutting plane is ignored in the model. In analysis, the 
orthogonal cutting model is first determined at the center 
of the cutting area. The cutting models in the other areas 
are then determined so that the chip flows without 
internal plastic deformation. Because the cutting edges 
of drill incline in the axial direction, the oblique cuttings 
are actually performed. The model regards the oblique 
cutting as the inclined orthogonal cuttings to the chip 
flow direction [9].  
The cutting edges are divided into small segments to 
consider the change in the tool geometry. The 
orthogonal cutting model in each segment is given by Eq. 
(1), which is acquired in the orthogonal cutting tests: 
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where , s and are the shear angle, the shear stress on 
the shear plane and the friction angle. V, t1 and  are the 
cutting velocity, the uncut chip thickness and the rake 
angle, respectively. 
Because the cutting velocity V is the sum of the 
rotation speed of the edge and the feed rate, V is given 
by: 
22 fRV P  (2) 
where f is the feed rate;  and RP are the angular 
velocity and the radius at a position P on an edge. 
Because the cutting direction is inclined at an angle of 
tan-1(f/Rp ), the axial rake angle during cutting is 
regarded as ’A = A+tan-1(f/Rp ), where A is the 
nominal angle given by the tool geometry. When a chip 
flow angle c on the rake face is assumed, as shown in 
Fig. 1, the orthogonal cutting model is made by Eq. (1) 
with the effective rake angle e. 
The workpiece surface in the orthogonal cutting plane 
is inclined with respect to the cutting direction when the 
edge penetrates and exits workpiece. The uncut chip 
thickness increases or decreases with the cutter feed. 
Therefore, the orthogonal model is made in the 
coordinates system inclined at an angle s, as shown in 
Fig. 2. The rake angle of the cutting edge is regarded as 
e= e- s in the model. The cutting edge removes the 
material in the direction of the surface inclination at a 
cutting velocity of V*= V{cos s-sin s tan( e- s)} in an 
uncut chip thickness of t*1=t1sin *e/sin . Therefore, the 
nominal shear angle  is: 
*
es  (3) 
where *e is given by Eq. (1) at e, V* and t*1. Then, the 
shear stress on the shear plane s and the friction angle  
are given by Eq. (1). 
The shear energy in a segmented area dUs is: 
VdLldU
ese
e
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Fig. 1. Chip flow model in drilling 
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Fig. 2. Orthogonal cutting model in edge penetration 
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where ls and dLs are the length and the width of the shear 
plane on the segmented area, respectively. 
The friction energy dUf is given by the friction force 
dFt and the chip flow velocity Vc as follows: 
ctf VdFdU  (5) 
where dFt is given in the orthogonal cutting model in the 
following equation: 
f
eee
st dLtdF ***
*
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sin  (6) 
where dLf is the width of the tool-chip contact area in the 
segmented area. The chip flow velocity at the center of 
the cutting area removing material is: 
VV
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se
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sin  (7) 
The chip flow velocities in the other segmented areas 
on the cutting edge, in turn, are determined 
geometrically to be a constant angular velocity of the 
chip curl without plastic deformation in the chip. 
The cutting energy U, then, is given by the integration 
over the range of the height [hmin, hmax] in the cutting 
area as follows: 
max
min
)(
h
h fs
dhdUdUU  (8) 
The chip flow angle c is determined to minimize U 
in the iterative calculation. The cutting force, then, is 
predicted in the model at the minimum cutting energy. 
Figure 3 shows an orthogonal cutting model with the 
cutting force components loaded on a point P of an edge. 
X’-Y’-Z’ is the coordinate system rotating with the 
cutting edge at an angular velocity , as shown in Fig. 
3(a), where the tool radius direction and the tangential 
direction is defined as X’ and Y’-axis, respectively. The 
tangential cutting force in the segmented area dFH is: 
VdUdUdF fsH  (9) 
The normal force on the rake face dFn is given by: 
Rb
etH
n
dFdFdF
coscos
sin  (10) 
where dFt is the friction force given by Eq. (6). R is the 
radial rake angle of the edge viewed from the inclined 
direction at an angle of tan-1(f/Rp ) and b is the 
inclination angle of the rake face with respect to Z’-axis 
direction. The radial component dFT and the axial one 
dFV are given by: 
bncetV
RbncetT
dFdFdF
dFdFdF
sincoscos
sincossincos  (11) 
’c is the projected angle of the chip flow direction onto 
the vertical plane including X’- and Z’-axis. 
The chip formations on a chisel and a lip were 
observed in the cutting experiments. Fig. 4 shows a 
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Fig. 3. (a) rotating coordinate system; (b) orthogonal 
cutting model at a point on an edge 
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Fig. 4. Chip formation in drilling process 
Chip formation on a chisel  
Chip formation on a lip 
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picture of the chips at the interruption of cutting. The 
picture proves that the chip is formed on the chisel as 
well as on the lip. However, the chip formation on the 
chisel is different from that of the lip. Therefore, the chip 
flow models are made on the chisel and the lip 
independently to predict the cutting forces with the chip 
flow directions. The thrust force is the sum of Z 
components in the cutting forces loaded on all the 
cutting edges. Torque is given by the integration over the 
range of the radius [Rmin, Rmax] in the cutting area as 
follows: 
max
min
R
R H
drdFrT
 (12) 
2.2.  Modeling of material change in simulation 
In drilling of CFRP/titanium alloy stacks illustrated in 
Fig. 5, the material to be removed by a cutting position 
changes with the cutter feed. The orthogonal cutting data 
used in the force model are prepared for CFRP and 
titanium alloy cuttings as follows: 
CFRP: 
)4519.0742.111321643.0exp(
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Ti6Al4V: 
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(14) 
Because the CFRP and the titanium alloy plates are 
layered mechanically by screw joints, the chips are 
formed independently in both of the layers. The different 
chip flow models, therefore, are made with the chip flow 
angles when both of the layers are removed 
simultaneously, as shown in Fig. 6. In the simulation, the 
edge segment is divided into the cutting areas in the 
CFRP and the titanium alloy layers. Then, the divided 
cutting areas are controlled with the cutter feed. The 
orthogonal cutting data of CFRP or titanium alloy are 
applied to make the chip flow model according to the 
material in the cutting area. 
Because the edge segments do not coincide with the 
divided cutting areas, the segments are controlled with 
the boundary of CFRP/titanium alloy layers, as shown in 
Fig. 6. When the boundary exists in an edge segment Si, 
which is defined by the heights [hi, hi+1] on the cutting 
edge, the edge segment is redefined by the height of the 
boundary, hb:  
)( 1ibibi hhhhh  (15) 
where hb is transformed into the height in the edge 
coordinate system X’-Y’-Z’. 
3. Validation of cutting force model 
3.1. . Cutting tests 
The cutting tests were conducted to validate cutting 
force model for the multi-layered material in drilling on 
a 3-axis machining center (Yasda, YBM640Ver3), as 
shown in Fig. 7. A piezoelectric dynamometer (Kistler, 
type 9272) was mounted on the table. The workpiece 
was clamped on the dynamometer to measure thrust and 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. CFRP/titanium alloy stacks 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Control of edge segment with change of material 
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Fig. 7. Cutting test 
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torque. A drill shown in Fig. 8 was employed in the tests. 
Table 1 shows the parameters in the tool geometry, 
where the parameters are illustrated in Fig. 9. The tool 
material was cemented carbide coated by TiAlN thin 
layer. The workpiece was an 8 mm thick CFRP/titanium 
alloy stacks, which was layered mechanically by the 
screw joints, as shown in Fig. 5. Thickness of each plate 
was 4 mm. The cutting forces were measured at cutting 
speeds of 10 and 25 m/min and feed rates of 0.05 and 0.1 
mm/rev. 
3.2. Simulation 
Figure 10 compares the simulations with the 
measured cutting forces in the conducted cutting tests. 
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Fig. 10. Prediction of cutting forces (a) cutting speed, 10
m/min; feed rate, 0.05 mm/rev; (b) cutting speed, 10
m/min; feed rate, 0.1 mm/rev; (c) cutting speed, 25
m/min; feed rate, 0.05 mm/rev; (d) cutting speed, 25
m/min; feed rate, 0.1 mm/rev 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Twist drill used in tests 
 
Table 1. Tool geometry 
Diameter 6 mm 
Web inclination 135 deg 
Web size 0.75 mm 
Wedge angle 120 deg 
Helix angle 20 deg 
Relief angle 10 deg 
Web center inclination 120 deg 
Web center thickness 0.2 mm 
Thinning X type 
Axial inclination angle at thinning 0 deg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Parameters in tool geometry 
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The cutting force increases at a high changing rate when 
the chisel engages the workpiece. Then, the cutting force 
increases gradually in the penetration of the lips. 
Because the cutting starts in the CFRP layer, the cutting 
force is small in the beginning of the process. The 
cutting force increases again with the cutter feed when 
the edge penetrates into the titanium alloy layer. The 
cutting force decreases after the chisel exits from the 
workpiece. Then, the cutting force decreases gradually 
with the feed of the cutter. 
The thrusts and torques designated as the symbols are 
in good agreement with the measured ones shown by the 
solid lines in all cutting tests. The cutting force model 
for the multi-layered materials is verified in the 
comparison. 
4. Conclusions 
A cutting force model is presented to simulate the 
cutting processes in drilling of multi-layer materials. The 
cutting edges are divided into the small segments in the 
model. The chip flow is made by piling up the 
orthogonal cutting models in the plane containing the 
cutting velocities and the chip flow velocities on the 
divided edge segments. The chip flow direction is 
determined to minimize the cutting energy consumed in 
the chip flow model made. In the multi-layered material, 
the orthogonal cutting data changes with the cutting 
position and the different chip flow models are made 
according to the material in the cutting areas. In the 
simulation, the edge segments are controlled with the 
boundary of the layers. The force model predicts the 
change in the cutting force in drilling well. The model is 
available to review the cutting parameters in the drilling 
operations. 
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